Respiratory syncytial virus (RSV) is a top cause of severe lower respiratory tract disease and mortality in young children and the elderly. The viral envelope G glycoprotein contributes to pathogenesis through its roles in host cell attachment and modulation of host immunity. Although the G glycoprotein is a target of protective RSV-neutralizing antibodies, its development as a vaccine antigen has been hindered by its heterogeneous glycosylation and sequence variability outside a conserved central domain (CCD). We describe the cocrystal structures of two highaffinity broadly neutralizing human monoclonal antibodies bound to the RSV G CCD. The antibodies bind to neighboring conformational epitopes, which we named antigenic sites 1 and 2, that span a highly conserved surface, illuminating an important region of vulnerability. We further show that isolated RSV G CCD activates the chemokine receptor CX3CR1 and that antibodies block this activity. These studies provide a template for rational vaccine design targeting this key contributor to RSV disease.
INTRODUCTION
Respiratory syncytial virus (RSV) infects most children by age 2 and is the leading cause of severe lower respiratory tract disease in children worldwide (1) (2) (3) (4) . RSV is a major cause of mortality, with an estimated 118,000 deaths per year in children under age 5 (3, 5) . RSV is also a major cause of morbidity in the elderly and immunocompromised populations. No licensed RSV vaccine exists, and the only widely used intervention is palivizumab (Synagis), a monoclonal antibody (mAb) against the RSV F glycoprotein that reduces disease severity in premature birth infants (6) . RSV F is required for infectivity, is less variable overall than RSV G, and is the target of most neutralizing antibodies (7) . However, the recent failures of two prominent RSV F vaccines, a phase 3 clinical trial in older adults (Novavax) and a phase 2b trial in older adults (MedImmune), highlight the urgent need for new approaches. Because these vaccines contained RSV F immunogen in its postfusion conformation, one emerging approach is focused on the generation of RSV F immunogens that are stabilized in the prefusion conformation, as revealed by x-ray crystallographic studies (8) . In addition, RSV G is increasingly recognized as a critical target (9) , yet its development as a vaccine antigen has been hindered by its dense and heterogeneous N-and O-glycosylation in the highly variable mucinlike regions and a paucity of information correlating specific molecular structure with biological activity.
Although variable overall, RSV G (298 residues) contains a ~40-amino acid central conserved domain (CCD) that is devoid of glycosylation and plays key roles in both virus infection and viral pathogenesis (Fig. 1) . Specifically, RSV G CCD contains a CX3C chemokine motif that facilitates binding to the human chemokine receptor CX3CR1, a critical step for RSV infection in human airway epithelial cells (10) (11) (12) (13) . Notably, a soluble form of RSV G is secreted from infected cells beginning ~6 hours after infection, long before the appearance of RSV virions at 12 hours (14, 15) . In vivo, this soluble G protein (heterotrimeric GTP-binding protein) competes with the natural ligand CX3CL1 (also known as fractalkine) for binding to CX3CR1, modulating signaling and trafficking of CX3CR1 + immune cells, contributing to airway congestion (13, (16) (17) (18) . RSV with the G gene deleted is highly attenuated in vivo (19) . Moreover, RSV with an insertion in the CX3C motif of G (CX4C) that prevents CX3CR1 binding has markedly reduced disease severity in vivo (20) . In a recent study, elevated concentrations of both anti-G and anti-prefusion-F antibodies were associated with lower clinical disease severity scores, despite the substantially lower absolute abundance of anti-G antibodies compared to anti-F antibodies (7). These results strongly support a renewed focus on RSV G as a target in vaccine and therapeutic antibody development.
Several studies have reported broadly neutralizing mAbs (bnmAbs) against RSV G (21) (22) (23) (24) . Although anti-G bnmAb neutralization of virus infectivity in immortalized cells requires the presence of complement, several studies report that anti-G bnmAbs can directly neutralize virus infectivity in primary well-differentiated human airway epithelial cells (10, 12, 24) . Anti-G bnmAbs markedly reduce RSV pathogenesis and reduce viral loads in both prophylactic and postinfection animal models (22, 23, (25) (26) (27) . Linear epitope mapping revealed that several of these bnmAbs bind in the RSV G CCD, although some antibody epitopes could not be identified using linear peptides (22, 24, 28) . Here, we sought to understand how two highaffinity human bnmAbs interact with RSV G CCD.
RESULTS

Conformational antigenic site 1
We first investigated bnmAb 3D3, a native human antibody which binds RSV G with high affinity [K d (dissociation constant)= 1.1 pM], shows broadly neutralizing activity across nearly all circulating strains and is in development as a post-infection therapeutic (22, 29) . Purified antigen-binding fragment (Fab) 3D3 formed stable complexes with its linear epitope peptide (RSV G [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] ) in solution ( fig. S1 ), and we determined the crystal structure of the Fab 3D3-RSV G 162-172 complex to 2.40 Å resolution ( Fig. 2A, fig. S2, and table S1 ). The RSV G [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] peptide contains a short helix and projects several hydrophobic residues, including Phe163, Phe165, Phe168, Phe170, and Pro172, into a ~700 Å 2 groove formed by heavy-chain complementarity-determining regions (CDRs) 1, 2, and 3 and light-chain CDRs 1 and 3. Surprisingly, the distal six amino acids of the extended heavy-chain CDR3 formed no molecular contacts with the linear epitope peptide ( Fig. 2A) , indicative of a larger epitope. To examine whether bnmAb 3D3 interacts with a larger RSV G epitope, we produced in Escherichia coli a recombinant fragment of RSV G (strain A2) that includes the 3D3 linear epitope sequence and the following 25 amino acids spanning the CX3C chemokine motif (RSV G ). Antibody 3D3 binds to recombinant RSV G similarly to recombinant RSV G ectodomain (RSV G ecto ) (strain A2) and forms a stable complex in solution ( Fig. 1 and fig. S1 ). We determined the crystal structure of the Fab 3D3-RSV G 161-197 complex to 2.40 Å resolution (Fig. 2B, fig. S2 , and table S1). The structure reveals additional interactions between bnmAb 3D3 and RSV G residues beyond the linear epitope, increasing the binding interface to ~1060 Å 2 . Specifically, heavy-chain CDR3 interacts with the RSV G cysteine noose (residues 173 to 186), which contains four cysteine residues in nested disulfide bonds (1-4 and 2-3), as observed previously in nuclear magnetic resonance structures of this ~15-residue region ( fig. S2) (30, 31) . Additional interactions were observed between heavy-chain CDRs 1 and 2 and RSV G residues 189 and 190. Together, we find that the high-affinity and protective bnmAb 3D3 binds to RSV G at a discontinuous conformational epitope, which we have named antigenic site 1.
Conformational antigenic site 2
We next investigated bnmAb 2D10, which also binds RSV G but whose epitope could not be characterized by linear epitope mapping (22, 29) . We found that bnmAb 2D10 binds to recombinant RSV G similarly to recombinant RSV G ecto ( Fig. 1) , revealing that its epitope is also within the conserved, unglycosylated region of RSV G. We then engineered a recombinant 2D10 single-chain variable fragment (scFv), which forms stable complexes with a synthetic RSV G peptide (RSV G ) in solution ( fig. S1 ), and we determined the crystal structure of the scFv 2D10-RSV G complex to 1.56 Å resolution (Fig. 2C, fig. S2 , and table S1). Antibody 2D10 uses a twisted heavychain CDR3, heavy-chain CDR2, and light-chain CDR3 to bind to a ~550 Å 2 epitope on the RSV G cysteine noose. The CX3C chemokine motif, which forms a short helix in the cysteine noose, is buried by bnmAb 2D10 binding. Although the 2D10 epitope is mostly continuous, composed mainly of residues 177 to 188, the two cysteines within the epitope form two disulfide bonds that induce strong conformational character to this epitope, which we have named antigenic site 2.
Functional significance of antigenic sites 1 and 2
To understand the mechanism of virus neutralization and protection from disease by bnmAbs 3D3 and 2D10, we examined whether they inhibit RSV G modulation of CX3CR1 + cells in an in vitro chemotaxis assay (Fig. 3A ). First, we tested recombinant RSV G ecto and found that it induces chemotaxis of human monocyte THP-1 cells, consistent with previous studies (13, 23) . To determine if the RSV G CCD alone is sufficient to induce chemotaxis, we tested recombinant RSV G and found that it induces chemotaxis at levels equivalent to RSV G ecto . Preincubation of RSV G with bnmAbs 3D3 and 2D10 markedly inhibited RSV G -induced chemotaxis, suggesting that the bnmAbs 3D3 and 2D10 block a CX3CR1-binding site on RSV G. Control experiments show that the bnmAbs have no effect on chemotaxis induced by human CX3CL1, confirming the specificity of the bnmAbs (Fig. 3B) . Last, to confirm that chemotaxis migration is induced by interactions with CX3CR1, we preincubated . (B) Serum-free media containing BSA (1 mg/ml) were used as a negative control and 10 nM CX3CL1 (fractalkine) as a positive control. Chemotactic indices were determined by comparing the fold increase in cell migration toward the chemoattractant compared to cell migration toward serum-free media alone. Studies with bnmAbs (25 nM) were used to examine inhibition of RSV G -induced and CX3CL1-induced chemotaxis. Studies with anti-CX3CR1 preincubated with THP-1 cells in the upper chamber were used to examine antagonism of cell migration toward RSV G and CX3CL1 in the lower chamber. Student's t test was performed. Black asterisks denote significance compared to negative control and gray asterisks denote significance compared to RSV G (A) or CX3CL1 (B); ***P < 0.001, ****P < 0.0001. Chemotaxis experiments were performed in four biological replicates. Error bars indicate SEM.
THP-1 cells with anti-CX3CR1 polyclonal antibodies, which significantly inhibited RSV G -induced chemotaxis (Fig. 3A) and CX3CL1-induced chemotaxis (Fig. 3B) . Together, these studies establish that the 37-amino acid fragment RSV G is sufficient to modulate CX3CR1 and that bnmAbs 3D3 and 2D10 specifically block this activity.
Sequence conservation at antigenic sites 1 and 2 Last, to understand the molecular basis for RSV G activation of CX3CR1, we aligned diverse RSV G sequences and mapped conservation level onto the RSV G structure (Figs. 1B and 4A ). Despite the overall high variability of full-length RSV G (53% identity between subtypes RSV A and B), the 37-amino acid fragment RSV G that activates CX3CR1 contains 24 invariant residues (70% identity between subtypes RSV A and B). Notably, in the CX3C motif, only one of the three "X" amino acids, Ile185, is highly conserved, suggesting that this motif alone does not compose the CX3CR1-binding site (Fig. 4A) . Rather, we find that the invariant cysteines in the CX3C motif stabilize a three-dimensional surface of highly conserved amino acids that form extensive atomic interactions across the entire region (Fig. 4B) , consistent with bnmAb epitopes (Fig. 4A) . Thus, the RSV G CCD forms a highly conserved three-dimensional surface poised for CX3CR1 binding (Fig. 4C and fig. S3 ). We note that the heparinbinding domain, which is immediately C-terminal to the cysteine noose, includes several conserved positively charged amino acids (Fig. 1B) (32) . Whereas RSV does not use heparan sulfate proteoglycans (HSPGs) to infect human airway epithelial cells, RSV may use HSPGs to infect other cell types, as observed for RSV infection in immortalized cells (10) . HSPGs may also play a role in binding of soluble RSV G to other human cells (33) . We observed no structural or sequence similarities between RSV G and CX3CL1, the only known ligand for CX3CR1, besides the presence of a CX3C motif and its two disulfide bonds ( fig. S4 ). This structural divergence despite similar functionality suggests an opportunity to selectively develop therapies blocking interaction between the RSV G CCR and CX3CR1, a strategy that led to the development of the HIV entry inhibitor Maraviroc, an antagonist of the HIV co-receptor CCR5 (34) .
DISCUSSION
Our studies define RSV G amino acids 161 to 197 as a key region of vulnerability that is accessible to antibody binding. Nearly half of RSV-specific human memory B cells target the G glycoprotein (24) , and more than half of the anti-G antibodies in human serum target specifically the RSV G CCD (35) . Consistent with these studies, 17 of 21 isolated human anti-G mAbs have linear epitopes that map to this region ( fig. S5) (22, 24) . Of the other four mAbs, we show that one (2D10) binds to an epitope adjacent to the epitope for 3D3 but largely nonoverlapping with it. A limitation of the present study is that definition of the epitopes for other mAbs has not yet been achieved nor have the epitopes been defined for bioactive anti-G mAbs that are strain-specific.
Overall, bnmAbs against this region of vulnerability exhibit high affinities and strain independence, neutralize RSV infection of human airway epithelial cells, inhibit soluble RSV G modulation of CX3CR1 + cells, and decrease pathogenesis in animal models, supporting their development as therapeutic agents to prevent and treat RSV infection. To address global needs, a vaccine may be a more cost-effective intervention, with the present studies providing a firm foundation for constructing an immunogen that induces protective broadly neutralizing antibodies targeting the RSV G CCD. To avoid side effects, such an immunogen should not itself activate CX3CR1, a limitation whose feasibility awaits further study.
MATERIALS AND METHODS
Study design
The overall objective of the study was to determine the molecular basis for antibody recognition of the RSV G glycoprotein. To enable this goal, we undertook experiments centered on protein chemistry, enzyme-linked immunosorbent assay (ELISA) binding studies, protein x-ray crystallography, and cellular chemotaxis assays. The number of independent experiments is outlined in figure legends and in Materials and Methods, where appropriate. 
Production of bnmAbs 3D3 and 2D10, Fab 3D3, and scFv 2D10
Recombinant bnmAb 3D3 and bnmAb 2D10 were produced by transient transfection in Chinese hamster ovary (CHO) cells and purification by immobilized protein A, as described previously (22, 29) . Fab 3D3 was generated by incubation of bnmAb 3D3 with immobilized papain, followed by removal of the Fc fragment with immobilized protein A. Fab 3D3 was then purified by Superdex 200 size exclusion chromatography in 10 mM tris-HCl (pH 8.0) and 150 mM NaCl. For recombinant scFv 2D10, a synthetic gene codon-optimized for Drosophila melanogaster-encoding the bnmAb 2D10 heavy-chain variable region, a (GGGGS) 3 GGG linker, and the bnmAb 2D10 lightchain variable region-was cloned into pMT-puro in-frame with an N-terminal BiP signal sequence and a C-terminal thrombin cleavage site followed by a Twin-Strep purification tag. The resulting scFv 2D10 expression plasmid was used to obtain stably transfected Schneider 2 (S2) insect cells. Secreted scFv 2D10 was affinity-purified on a StrepTrap column, digested with thrombin protease to remove the purification tag, and then purified by Superdex 200 size exclusion chromatography in 10 mM tris-HCl (pH 8.0) and 150 mM NaCl.
Expression and purification of RSV G ecto
A synthetic gene encoding RSV G (strain A2) amino acids 64 to 298 (UniProtKB entry P03423) was cloned into pCF in-frame with an N-terminal tissue plasminogen activator signal sequence and Cterminal tandem 6× histidine and Twin-Strep purification tags. Recombinant RSV G ecto was produced by transient transfection in CHO cells, and secreted RSV G ecto was affinity-purified on a StrepTrap column.
Expression and purification of RSV G
161-197
A synthetic gene codon-optimized for E. coli encoding RSV G (strain A2) amino acids 161 to 197 (UniProtKB entry P03423) with a C-terminal 6× histidine purification tag was cloned into pET52b. Recombinant RSV G was expressed overnight in E. coli BL21(DE3) at 18°C. E. coli cells were lysed by ultrasonication in 20 mM tris-HCl (pH 8.0), 150 mM NaCl, and 25 mM imidazole (buffer A) containing 2 M MgCl 2 , benzonase, and protease inhibitors. RSV G was purified from soluble lysates by HisTrap FF affinity chromatography and eluted with a gradient into buffer B (buffer A containing 500 mM imidazole). The purification of soluble RSV G in the absence of reducing agents appears to be sufficient for spontaneous formation of the cysteine noose disulfide bonds (1-4, 2-3 connectivity), as observed in the crystal structure of the Fab 3D3-RSV G complex.
Enzyme-linked immunosorbent assay
Purified bnmAbs at a concentration of 5 g/ml (150 l total) were incubated overnight at room temperature in 96-well ELISA microtiter plates. Plates were then washed three times with PBS containing 0.05% Tween 20 (PBST). Wells were blocked by adding 150 l of 5% bovine serum albumin (BSA) in PBS and incubating at room temperature for 1 hour followed by three PBST washes. Recombinant RSV G ecto at 5 g/ml or RSV G 161-197 at 20 g/ml in 1% BSA in PBS was serially diluted 1:3 with 1% BSA in PBS. Wells were incubated with 150 l of RSV G protein for 1 hour at room temperature, and the plates were washed three times with PBST. The plates were then incubated for 1 hour at room temperature with 150 l of horseradish peroxidase-conjugated HisProbe (Thermo Fisher Scientific) diluted 1:5000 in 1% BSA in PBS. Plates were washed three times with PBST and developed by adding peroxidase substrate o-phenylenediamine dihydrochloride in 0.05 M phosphate-citrate buffer (pH 5.0) and 1.5% hydrogen peroxide for 10 min at room temperature. The reactions were stopped by incubation with 2N sulfuric acid for 10 min at room temperature, and the absorbance was measured at 490 nm. ELISA experiments were performed in biological triplicates.
Formation and structure determination of the Fab 3D3-RSV G 162-172 complex A synthetic peptide encoding RSV G amino acids 162 to 172 (UniProtKB entry P03423) was mixed in 5-molar excess with purified Fab 3D3 at 17.5 mg/ml in 10 mM tris-HCl (pH 8.0) and 150 mM NaCl. Crystals were grown by hanging drop vapor diffusion at 4°C with a well solution of 23% PEG 3350 and 0.05 M zinc acetate. Crystals were transferred into a cryoprotectant solution of 26% PEG 3350, 0.05 M zinc acetate, and 25% ethylene glycol and flash-frozen in liquid nitrogen. Diffraction data were collected at cryogenic temperature at the Advanced Light Source (ALS) on beamline 8.3.1 using a wavelength of 1.11503 Å. Diffraction data from a single crystal were processed with iMosflm (36) and Aimless (table S1) (37) . The Fab 3D3-RSV G [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] complex structure was solved by molecular replacement with a Fab homology model and the program PHASER (38) , and the structure was refined and manually rebuilt using PHENIX (39) and Coot (40), respectively (table S1).
Formation and structure determination of the Fab 3D3-RSV G 161-197 complex Purified RSV G was mixed in 2-molar excess with purified Fab 3D3, dialyzed into 10 mM tris-HCl (pH 8.0) and 150 mM NaCl, and concentrated to 15 mg/ml. Crystals were grown by hanging drop vapor diffusion at 22°C with a well solution of 21% PEG 3350 and 0.2 M ammonium citrate (pH 7.0). Crystals were transferred into a cryoprotectant solution of 25% PEG 3350, 0.2 M ammonium citrate (pH 7.0), and 25% glycerol and flash-frozen in liquid nitrogen. Diffraction data were collected at cryogenic temperature at the ALS beamline 8.3.1 using a wavelength of 1.11582 Å. Diffraction data were collected at cryogenic temperature at the ALS on beamline 8.3.1 using a wavelength of 1.11503 Å. Diffraction data from a single crystal were processed with iMosflm (36) and Aimless (37) (table S1). The Fab 3D3-RSV G complex structure was solved by molecular replacement with Fab 3D3 and the program PHASER (38) , and the structure was refined and manually rebuilt using PHENIX (39) and Coot (40), respectively (table S1).
Formation and structure determination of the scFv 2D10-RSV G 169-198 complex A synthetic peptide encoding RSV G amino acids 169 to 198 (UniProtKB entry P03423) was mixed in 2-molar excess with purified scFv in 60 mM tris-HCl (pH 8.0) and 230 mM NaCl and concentrated to 15.0 mg/ml. Crystals were grown by hanging drop vapor diffusion at 22°C with a well solution of 24% PEG 4000, 0.17 M ammonium sulfate, 0.085 M sodium citrate (pH 5.6), and 15% glycerol. Crystals were transferred into a cryoprotectant solution of 28% PEG 4000, 0.17 M ammonium sulfate, 0.085 M sodium citrate (pH 5.6), 15% glycerol, and 25% glycerol and flash-frozen in liquid nitrogen. Diffraction data were collected at cryogenic temperature at the Advanced Photon Source on beamline 23-ID-D using a wavelength of 1.033 Å. Diffraction data from a single crystal were processed with HKL2000 (table S1) (41) . The scFv 2D10-RSV G 169-198 complex structure was solved by molecular replacement with a scFv homology model and the program PHASER (38) , and the structure was refined and manually rebuilt using PHENIX (39) and Coot (40) , respectively (table S1) .
Chemotaxis assay
The in vitro chemotaxis assay was performed using a Transwell insert plate with an 8-m pore size, following previously published methods (9, 23) . Approximately 2 million log-phase THP-1 cells (a human leukemia monocytic cell line) washed twice and suspended in serum-free RPMI 1640 media were added to the upper chamber of the insert plate. Negative controls were serum-free media alone or serum-free media containing 25 nM bnmAb 3D3 or bnmAb 2D10 was added to the lower chamber. As a positive control, media containing 10% fetal bovine serum (FBS) was added to the lower chamber. RSV G ecto or RSV G samples were added to the lower chamber at a final concentration of 5 nM in serum-free media. For samples with RSV G and bnmAbs, RSV G 161-197 was preincubated with 5-molar excess bnmAb for 20 min at room temperature and then added to serum-free media in the lower chamber for a final concentration of 5 nM RSV G and 25 nM bnmAb. For samples with anti-CX3CR1 antibody, 2 l anti-CX3CR1 rabbit polyclonal antibody (1 mg/ml) was incubated with THP-1 cells for 30 min in the upper chamber before being placed into the well. The anti-CX3CR1 rabbit polyclonal antibody (cat no. PA5-19910; Thermo Fisher Scientific) was generated by immunization of rabbits with a peptide corresponding to amino acids 2 to 21 of human CX3CR1 (UniProt ID P49238). The assembled plates were incubated in a CO 2 incubator at 37°C for 5 hours. Cells migrated to the lower chamber were counted, and the chemotactic indices were determined by comparing the fold increase in cell migration toward the chemoattractant to cell migration toward serum-free media alone. Experiments were performed in at least four biological replicates.
For chemotaxis assays with CX3CL1 (fractalkine), THP-1 cells were washed and suspended in serum-free RPMI 1640 media containing BSA (1 mg/ml). Recombinant full-length human CX3CL1 (cat no. 365-FR; R&D Systems) was added to the lower chamber at a final concentration of 10 nM. For samples with bnmAbs, CX3CL1 was preincubated with 2.5 M excess bnmAb for 20 min at room temperature and then added to the lower chamber for a final concentration of 10 nM CX3CL1 and 25 nM bnmAb. For samples with anti-CX3CR1 antibody, 2 l anti-CX3CR1 rabbit polyclonal antibody (1 mg/ml) was incubated with THP-1 cells for 30 min in the upper chamber before being placed into the well. Experiments were performed in four biological replicates.
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